Introduction
Stem cells have high potential for the replacement or regeneration of damaged cells and/or tissue, due to their unique ability to self-renew continuously and differentiate into mature cells of a variety of lineages. Stem cells may thus be of great importance in treating degenerative diseases, such as Parkinson's disease, or for spinal cord repair. Indeed, there is a vast increase in new stem-cell therapies that are entering clinical trials: globally, the number of phase II-IV clinical trials regarding stem-cell therapies are in the thousands (ClinicalTrials.gov). Mesenchymal stem cells (MSCs) have been heavily researched in this context, as they are multipotent, easy to isolate, and excrete beneficial factors. 1 However, difficulty in gaining relevant in vivo information on stem-cell implantation in larger animals and humans represents a significant bottleneck in the translation of new stem-cell-based therapies, including those based on MSCs. Therefore, reliable methods that can trace stem cells are needed to determine the fate of stem cells after implantation, 2 and also to determine optimal parameters, such as administration sites, to maximize therapeutic benefit while minimizing negative side effects. 3 Several methods have been reported to enable in vitro and in vivo stem-cell tracking, including exogenous fluorescent proteins. Although relatively inexpensive, these methods generally require genetic modification of stem cells via viral vectors for transfection. 2 In addition, interference from tissue due to autofluorescence makes them less suitable for in vivo imaging. Nanoparticles have emerged as a promising toolbox for stem-cell tracking because of their unique magnetic and/or optical properties, which can be used in combination (ie, multimodal), and are stable over a long period for the tracking of stem cells in live imaging, either in vitro or in vivo. 4 Among others, mesoporous silica nanoparticles (MSNs) are widely studied as theranostic nanoplatforms, due to their ease of bioconjugation, potential for multiple functionalisations, 5, 6 and ability to efficiently harbor cargo and confine fluorescent dyes within their matrix. 7, 8 Furthermore, MSNs are considered biocompatible and are resistant to biodegradation in the cellular environment. 9 A few studies have investigated MSNs as stem-cell-labeling tools. [10] [11] [12] [13] For example, Huang et al observed no differences in proliferation, cell viability, or immunophenotypic profiles of surface markers from human MSCs (hMSCs) that internalized MSNs conjugated with fluorescein isothiocyanate (FITC), while their capacity to differentiate into osteocytes, chondrocytes, and adipocytes after MSN internalization was preserved. 11 Here, we investigated the effect of organic surface modifications on the stem-cell-labeling properties of MSNs. Surface modification of nanoparticles is a promising method to improve their biocompatibility and cell-internalization rate and enable cell targeting or allow controlled drug release. 14, 15 In this regard, the addition of supported lipid (Lip)-bilayer shell, which in turn can be further modified with targeting/ trafficking ligands and polyethylene glycol (PEG) groups, is particularly interesting. The MSN-Lip complex combines the advantages of liposomes, namely low toxicity, immunogenicity, and longer circulation, 16 with those of MSNs, which possess high loading capacity, stability, and gatekeeping properties for controlled drug delivery. 17, 18 Furthermore, liposome instability and leakage can be overcome by this system, as the adhesion energy between the Lip and MSNs suppresses fluctuations in the membrane bilayer. 17 Additional PEGylation can be used to improve the stability of MSN-Lip complexes in biological fluids to increase biocompatibility and prevent particle agglomeration. 19 In short, here we show that modular design of MSNs allows for manipulation of their biological behavior, which can be optimized for (stem) cell tracking purposes.
Methods

synthesis of MsNs
Synthesis of MSNs with functional (-SH) groups at the particle's core and functional (-NH 2 ) groups at the particle's surface was based on the cocondensation method as previously reported. 20 In short, tetraethyl orthosilicate (TEOS; 1.63 g, 7.82 mmol; Sigma-Aldrich, #131903, 98%), (3-mercaptopropyl)trimethoxysilane (112 mg, 0.48 mmol; Sigma-Aldrich #175617, 95%), and triethanolamine (14.3 g, 95.6 mmol; Sigma-Aldrich #90279, 99.5%) were heated for 20 minutes at 90°C under static conditions (solution 1). A second mixture of cetyltrimethylammonium chloride (2.41 mL, 1.83 mmol; Sigma-Aldrich #292737, 25% weight in H 2 O) and NH 4 F (100 mg; 2.70 mmol; Sigma-Aldrich #338869, 99.9%) in Milli-Q (21.7 g, 1.21 mmol, bidistilled) was heated to 60°C (solution 2). Solution 2 was then rapidly added to solution 1, and the obtained mixture was left to stir vigorously for 30 minutes at room temperature. Then, TEOS (138.2 mg, 0.66 mmol) was added in four equal increments every 3 minutes, and the mixture was left to stir for another 30 minutes. Subsequently, TEOS (19.3 mg, 92.8 µmol) and (3-aminopropyl)triethoxysilane (20.5 mg, 92.5 µmol; SigmaAldrich #A3648, 99%) were added to the mixture and left to stir overnight. Next, after two steps of washing with ethanol, organic template extraction was performed by refluxing the colloidal suspension at 90°C in a solution of 2 g ammonium nitrate (NH 4 NO 3 ; Sigma-Aldrich #221244, 99.9%) dissolved in 100 mL absolute ethanol. After 45 minutes, particles were washed and redispersed in a solution of 10 mL concentrated HCl (37%; Sigma-Aldrich) and 90 mL absolute ethanol for a second reflux. MSNs were then collected by centrifugation, washed twice with absolute ethanol, and redispersed in 20 mL absolute ethanol. Particles were stored at -20°C until further use.
synthesis of MsN-Peg 2,000 and MsN-Peg 750
MSNs (10 mg) were collected by centrifugation and washed once with Milli-Q water. Then they were redispersed in a 2 mL sodium bicarbonate buffer (pH 8. 
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Lipid surface modifications increase MSN labeling properties in MSCs (Sigma-Aldrich #41214) was added and the solution left to stir for 2 hours at room temperature. Subsequently, particles were collected by centrifugation and washed three times with Milli-Q water. Particles were stored in a small volume (2 mL) of Milli-Q water at 4°C until further use. For particle labeling, 1 mg MSN-SH in NH 2out was dissolved in 1 mL absolute ethanol. Then, 1 µL ATTO633-maleimide stock solution (5 µg ATTO633-maleimide/µL anhydrous DMF) was added to the particles and left to stir overnight. Next, particles were collected by centrifuging and washed three times with absolute ethanol, redispersed in 1 mL absolute ethanol, and stored at -20°C until further use.
synthesis of MsN-lip and MsN-lip-Peg 2,000
MSNs were functionalized with a lipid bilayer either using 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) to prepare MSN-Lip or a 95:5 ratio of DOPC:1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-[methoxy(PEG)-2,000] (PE-PEG 2,000 ) to prepare MSN-Lip-PEG 2,000 in accordance with previously reported methods. 21, 22 This method is based on the fact that lipids dissolve as monomers in ethanol, while they self-assemble into bilayer liposomal structures as the water content of the solution is increased.
lipid preparation
For MSN-Lip, 2.5 g DOPC (Avanti Polar Lipids #850375) and for MSN-Lip-PEG 2,000 particles, 2.1 g DOPC and 0.4 g PE-PEG 2,000 (Avanti Polar Lipids #880160) were dissolved in 4 mL chloroform (Sigma-Aldrich #C2432, 99.8%). The chloroform was then evaporated using a rotary evaporator to create a lipid film. The lipid film was further dried in a vacuum oven at 40°C overnight. Then, the lipid film was dissolved in a 1 mL mixture of 40% ethanol and 60% Milli-Q water to obtain a 2.5 g/mL lipid solution.
MsN-lip synthesis
MSNs (1 mg) were collected by centrifugation and redispersed in 100 µL lipid solution (DOPC for MSN-Lip, 95:5 DOPC:PE-PEG 2,000 for MSN-Lip-PEG 2,000 ). Then, 700 µL Milli-Q water was added to the solution to induce the formation of supported lipid bilayers on the external surface of the particles. After 10 minutes, particles were collected by centrifugation, and lipid-functionalized MSNs were redispersed in 800 µL Milli-Q water. Both MSN-Lip and MSNLip-PEG 2,000 were stored at 4°C until further use.
MsN characterization
Morphological characterization of the synthesized MSNs was performed by transmission electron microscopy (TEM) using an FEI Tecnai and scanning electron microscopy (SEM) using an FEI Teneo in the secondary electron mode. Size and electrokinetic potential (ζ-potential) were measured by dynamic light scattering at 25°C at an angle of 90° using the Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK). Fluorescence microscopy (Nikon Eclipse Ti) was used to evaluate dual labeling by two probes: Atto 633-maleimide (Atto-Tec, Siegen, Germany) and FITC-NHS ester for MSNs and Atto 633-maleimide and DOPC:PC TopFluor 488 (99.96:0.04) for MSN-Lip.
cell culture hMSCs isolated from human bone marrow from donors with written informed consent (full approval for their use from the Ethical Committee at Maastricht University, in accordance with the Declaration of Helsinki) were used. hMSCs from donor 133A and donor 313 were used at passages 4-6. hMSCs were grown in αMEM (with ribonucleosides and deoxyribonucleosides; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 1% penicillinstreptomycin, 1% l-glutamine, and 1% l-ascorbic acid 2-phosphate magnesium salt (basic medium). Cells were cultured in a 5% CO 2 incubator at 37°C. Culture medium was changed every 2-3 days. For cell-culture-differentiation assays, basic and osteogenic (basic medium supplemented with 10 nM dexamethasone) media were used.
Metabolic activity assay
MTT assays were performed to assess cell metabolism after MSN-hMSC labeling. Cells were exposed to MSNs, MSNLip, MSN-Lip-PEG 2,000 , MSN-PEG 750 , and MSN-PEG 2,000 (measured in triplicate) in concentrations of 10-250 µg/mL. Fifteen control wells were included per 96-wells plate. Cells were seeded so that the plate was 60%-80% confluent when performing the MTT assay. Generally, cells were seeded on day 1 in a 96-well plate and exposed to MSNs on day 2. After exposure, the culture medium was aspirated and 90 µL fresh culture medium and 10 µL MTT solution (5 mg MTT/mL sterile PBS, 98%; Sigma-Aldrich) were added to each well and incubated for 3 hours in a 5% CO 2 incubator at 37°C. Afterward, medium was aspirated and 100 µL isopropanol (VWR, 99,70%), 0.1% triton-X100 (VWR, proteomic grade) were added to the wells, fixating the cells and solubilizing the purple precipitate that had formed during incubation. The plate was left for 45 minutes on a plate shaker to dissolve all crystals. Finally, absorbance was read at 570 nm (Clariostar; BMG Labtech). The average of the control was set to 1, and metabolic activity was calculated as cell viability compared to this value. 
Flow cytometry
Flow cytometry was performed to assess quantitatively the uptake of different MSN types by hMSCs. hMSCs were exposed to ATTO633-maleimide labeled MSNs (MSNs, MSN-Lip, MSN-Lip-PEG 2,000 , MSN-PEG 750 , and MSN-PEG 2,000 ) at a concentration of 25 µg/mL. Cells were seeded in six-well plates at different cell densities, depending on the time point of flow-cytometry analysis. Generally, cells were seeded on day 1 in a six-well plate and exposed to MSNs on day 2. Flow cytometry was performed at 2, 24, and 48 hours after MSN exposure. To prepare the samples, cells were washed with PBS, trypsinized, and redispersed in culture medium. Cell suspensions were then centrifuged and redispersed in 300 µL PBS and kept on ice for flowcytometry analysis. Flow cytometry was performed using a BD Accuri C6. A total of 10,000 cells (gated) were collected for each measurement. FlowJo version 10 was used for data analysis.
Microscopy
For fluorescence-microscopy experiments, hMSCs were seeded on sterilized coverslips in six-well plates and exposed to ATTO 647-maleimide-labeled MSNs (25 µg/mL). For fluorescence imaging, hMSC culture was stopped after 2 hours (5,500 cells seeded/cm 2 ) and 24 hours (3,000 cells seeded/cm 2 ) of MSN exposure. Cells were fixed directly with 4% paraformaldehyde (VWR, technical grade) in PBS for 15 minutes at room temperature (RT) and then washed twice with PBS. Afterwards, hMSCs were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes at room temperature and washed four times with PBS. Cells were stained against actin (phalloidin-Alexa Fluor 647, 1:500, Thermo Fisher Scientific) and DAPI to stain the nuclei (1 µg/mL, 95%; Sigma-Aldrich). The samples were mounted with Mowiol medium and stored at 4°C until use. For live-cell experiments, cells were grown for 1 day and stained with CellTracker green (10 mM solution in DMSO, 1:400; Thermo Fisher Scientific). After 30 minutes, cell culture was exposed to MSNs while using fluorescence microscopy (Nikon Eclipse TI-E, with environmental control). Acquired images were processed with NIS-Elements AR 4.51.01, 64-bit.
Alkaline phosphatase-activity quantification hMSCs were seeded at a density of 10,000 cells/cm 2 . After 24 hours, medium was replaced by basic or osteogenic MSN-loaded media at final dilutions of 0, 25, and 75 µg/mL. Subsequent media exchange did not include further particle load. ALP activity was measured using CDP-Star assay kit (Roche) according to the manufacturer's instructions for cell-culture samples at days 1, 7, and 14. ALP activity was quantified by measurement of luminescence in white 96-microwell plates using a microplate reader (Clariostar).
Proteomics
For proteomics experiments, cells were washed twice with cold PBS, then collected in 5 M urea in 50 mM ammonium bicarbonate (ABC) in 1.5 mL Eppendorf tubes. Cell lysis was performed with three freeze-thaw cycles using a warmwater bath and liquid nitrogen. Protein concentration was assessed by Bradford assay. The lysate was then reduced with 20 mM dithiothreitol for 45 minutes and alkylated with 40 mM iodoacetamide for 45 minutes in the darkness. The alkylation was terminated by 20 mM DDT to consume any excess iodoacetamide. Digestion was performed with a mixture of LysC and trypsin, which was added at a ratio of 1:25 (enzyme:protein). After 2 hours of digestion at 37°C in a water bath, the lysate was diluted with 50 mM ammonium bicarbonate to 1 M urea and further digested at 37°C overnight. The digestion was terminated by addition of formic acid to a total of 1%. Peptide separation was performed on a Thermo Fisher Scientific Dionex Ultimate 3000 rapid separation ultrahigh-performance liquid-chromatography system equipped with an Acclaim PepMap C18 analytical column (2 µm, 100 Å, 75 µm × 150 mm). Peptide samples were first desalted on an online-installed C18 trapping column. After desalting, peptides were separated on the analytical column with a 90-minute linear gradient from 5% to 35% acetonitrile with 0.1% formic acid at 300 nL/min flow rate. The ultrahighperformance liquid-chromatography system was coupled with a mass spectrometry (MS) device (Q Exactive HF; Thermo Fisher Scientific). Data-dependent acquisition settings were full MS scan of 375-1,500 m/z at a resolution of 120,000, followed by MS/MS scans of the 15 most intense ions at a resolution of 30,000.
For protein identification and quantification, datadependent acquisition spectra were analyzed with Proteome Discoverer version 2.2. Within this software, the search engine Sequest was used with the Swiss-Prot human database (Homo sapiens, TaxID 9606). The database search was performed with the following settings: enzyme was trypsin, maximum two missed cleavages, minimum peptide length six, precursor mass tolerance 10 ppm, fragment mass tolerance 0.02 Da, dynamic modifications of methionine oxidation and protein N-terminus acetylation, static modification of cysteine carbamidomethylation. Only proteins with a falsediscovery rate #1% were taken into account in the analysis.
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Lipid surface modifications increase MSN labeling properties in MSCs Normalization was performed based on total peptide amount. To analyze the statistical significance of changes observed in protein abundance, ANOVA was used. The BenjaminiHochberg method was used to correct P-values for multiple testing. Principal component analysis (PCA) was performed in Proteome Discoverer using abundance of all quantified proteins. STRING (https://string-db.org) was used to assess functional enrichments within the samples and UniProtKB to investigate the role of the proteins.
Results
Synthesis of surface-modified MSNs
Surface-and core-modified MSNs (amines on the surface and thiols in the core) were synthesized through a multistep, delayed cocondensation method. 20 The thiol groups were incorporated in the core to allow covalent coupling of fluorescent dyes in the core of the particle without interfering with surface chemistry. The surface amines were used for further coupling with PEG linkers. To characterize the MSNs, SEM, TEM, fluorescence microscopy, and dynamic light-scattering analyses were performed. Monodisperse, spherical, and evenly shaped MSNs were confirmed by SEM ( Figure 1A) , and with TEM the mesoporous structure of the MSNs was visualized ( Figure 1B) . The presence of the amine (surface) and thiol (core) groups within the MSNs was confirmed by ζ-potential measurements ( Figure 1C ) and fluorescent labeling with ATTO 633-maleimide and FITC-NHS coupled to the thiol and amine groups of MSNs, respectively ( Figure S1A ). From these MSNs, four surfacefunctionalized MSNs were synthesized ( Figure 1D ): MSNs with supported lipid bilayers (MSN-Lip), MSNs with PEGylated supported lipid bilayers (MSN-Lip-PEG 2,000 ), MSNs surface-functionalized with PEG (MSN-PEG 2,000 ), and MSNs surface-functionalized with short PEG chains (MSN-PEG 750 ).
To synthesize MSN-Lip, previously reported solventexchange methods were used. 21 Lipids consisted of either 100% DOPC or a combination of DOPC with PC-PEG 2,000 in a 95:5 ratio. To prove that MSNs were indeed functionalized with the lipid bilayer, MSNs were labeled in the core using maleimide ATTO 633 and a fluorescently labeled lipid was included in the bilayer consisting of DOPC:PC TopFluor 488 (99.96:0.04).
MSN-Lip-PEG 2,000 were synthesized using the same methods, and included PC-PEG 2,000 lipids in the bilayer (1:6 ratio; PC-PEG 2,000 :DOPC). With fluorescence microscopy, (Table 1) , further proving successful functionalization.
Finally, to functionalize the MSNs with short PEG chains (ie, 750 MW) and long PEG chains (ie, 2,000 MW), surface amines were coupled with NHS-functionalized PEG linkers. All synthesized MSNs efficiently bound fluorescent dyes via maleimide coupling. PEGylation of the MSNs led to a significant reduction in ζ-potential of the MSNs ( Figure 1C ). MSNs functionalized with PEG 2,000 chains had a ζ-potential of 6.8±0.1, a similar value to that observed for MSN-Lip-PEG 2,000 , whereas PEGylation with the shorter chains led to a negative ζ-potential of -30.8±1.6. This may have been due to higher surface PEGylation efficiency with the lower-MW PEG compared to the more sterically hindered PEG 2,000 chains. The effect of surface functionalization with PEG chains on lowered ζ-potential has also previously been observed by He et al. 23 Also, their size increased significantly compared to the unfunctionalized MSNs, further confirming their successful functionalization (Table 1) . SEM was used additionally to study the morphology of MSN-Lip, MSN-Lip-PEG 2,000 , MSN-PEG 750 , and MSN-PEG 2,000 ( Figure S2 ). No noticeable differences were observed between PEG-and Lip-functionalized MSNs compared to non-surface-functionalized MSNs. Polydispersity-index values for MSNs and Lip-and PEGfunctionalized MSNs showed that all synthesized particles were monodisperse (Table 1) .
In summary, MSNs containing thiol groups in the core and amine groups on the surface were successfully synthesized. These MSNs confined fluorescent dyes in their core and were surface functionalized with lipid bilayers (MSN-Lip, MSN-Lip-PEG 2,000 ) or PEG modifications (MSN-PEG 750 and MSN-PEG 2,000 ), to create four surface-modified labeled MSNs.
MSNs did not influence hMSC metabolic rate
Possible effects of the MSNs on primary hMSC-proliferation rates were investigated using the MTT metabolic activity assay to measure the growth rate of cells. Cells from two donors (D313 and D133A) were used to account for possible donor variability. hMSCs were exposed to MSNs for either 24 or 72 hours at concentrations of 10-250 µg/mL. No doseresponse effects on metabolic activity were observed for either of the donors after 24 or 72 hours of exposure to the MSNs (Figures 2 and S3) . However, for donor 133A, 
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Lipid surface modifications increase MSN labeling properties in MSCs a significant mild reduction in metabolic activity was observed for MSN-PEG 750 ( Figure S3A) . Furthermore, the addition of MSNs to hMSCs did not influence cell morphology ( Figure S4 ). From these data, it can be concluded that non-surface-modified MSNs and lipid and PEG 2,000 -modified MSNs did not influence cell-proliferation rates of hMSCs up to high concentrations in two donors. For further labeling studies, we chose to expose cells to 25 µg/mL MSNs, as this dose was atoxic and provided proficient MSNs to be taken up by the hMSCs.
Organic surface modifications increased MsN labeling of hMscs Figure 3A ). Particle uptake increased after 24 and 48 hours for MSNs (95%) and MSN-PEG 2,000 (93.0%), whereas the uptake of lipid-modified MSNs remained stable ( Figure 3B ). Negatively surface-charged MSN-PEG 750 were only taken up by a small fraction of cells (17% after 2 hours and 22.1% after 48 hours). These observations were reproducible in the same donor ( Figure 3B) . A similar trend in particle uptake was observed in a second donor; however, in this donor both PEGylated MSN types were taken up to a lesser extent (D313, Figure 3B ). Although the degree of hMSC labeling was similar for MSNs and MSN-Lip (80% and 96%, respectively), MNSLip had a fluorescent signal approximately 17 times higher after 2 hours of exposure compared to non-surface-modified MSNs ( Figure 4A ). This suggests that the amount of MSN uptake per cell and thus signal strength was significantly higher for MSN-Lip compared to MSNs. Additionally, PEGylated MSNs (MSN-Lip-PEG 2,000 and MSN-PEG 2,000 ) were also internalized more than MSNs ( Figure S5A ). After 24 hours, this trend was still visible, though less noticeable (around a fourfold difference in uptake; Figure 4 , right). This observation was reproducible in the same donor and in a second donor (D313; Figure S5B ).
In summary, MSNs and surface-modified MSNs were internalized to a high extent by hMSCs, with the exception of MSN-PEG 750 . Lipid-modified MSNs were taken up more efficiently (96% of the population within 2 hours), and in addition were taken up several fold more than non-surfacefunctionalized MSNs.
MsN labeling stable over at least 2 weeks
Next, we examined the labeling capabilities of the nanoparticles in hMSCs (donor 133A) over several cell passages. For this, hMSCs were exposed to the different surface functionalized MSNs for 2 hours, the nanoparticles were removed from the medium, and flow cytometry was performed on days 1, 4, 8, and 15. Half the cells were used for flow cytometry, while the other half were used for further cell seeding. Therefore, half the nanoparticles were lost at every seeding. Using flow cytometry, we indeed observed that at each passage, the signal was halved due to the sample division, resulting in the loss of signal after about 15 days ( Figure 4B) ; however, no additional nanoparticles were lost. These data were compared to the labeling capabilities of the MSNs when hMSCs were not being passaged. In this setup, hMSCs were plated so that they would reach confluence after 3, 6, 8, or 12 days. After exposure for 2 hours, the remaining MSNs were again washed away. Apart from the relatively small fluctuations in cell uptake, we observed that the nanoparticles were able to remain in the hMSCs for up to 12 days after exposure ( Figure 4B ) without any loss of signal. Even though the cells were plated at different seeding densities, the percentage of labeled cells remained the same throughout the different time points, indicating that proliferating labeled cells passed the labels on to their daughter cells. In summary, these two experiments showed that MSN-labeled hMSCs were stable over several weeks and that the signal strength of the labeled cells was proportional to the extent of nanoparticle uptake.
hMsc internalization of MsNs
Confocal and live-cell fluorescence microscopy were utilized to visualize the intracellular presence of MSNs in hMSCs. Live-cell imaging of labeled MSNs in hMSCs confirmed efficient cell uptake within several hours of exposure. As soon as after 40 minutes, active MSN-Lip uptake by the hMSCs was observed (Figures 5A and S6A) . A z-stack image of hMSCs exposed to MSNs showed the intracellular presence of small MSN aggregates ( Figure S6B ). This was confirmed when reconstructing a 3-D image of an hMSC-labeled cell using confocal microscopy ( Figure 5B ). Therefore, MSNs were actively taken up by live cells after 40 minutes of incubation and allowed live-cell imaging. , and MsN-Peg 2,000 , but not MsN-Peg 750 in hMSCs (D133A) cells after exposure for 2 hours using flowcytometry analysis. (B) MSN uptake after longer exposure (24 and 48 hours) using flow cytometry: MSN-Lip uptake remained stable, and increased particle uptake was observed for unfunctionalized and Pegylated MsNs in donor D133a (left graph). This was reproducible in the same donor (middle graph), and a similar cell-internalization trend was observed in a different hMsc donor (D313 right graph). Abbreviations: hMsc, human mesenchymal stem cell; lip, lipid; MsNs, mesoporous silica nanoparticles; Peg, polyethylene glycol.
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Lipid surface modifications increase MSN labeling properties in MSCs to cancer cells. 17 Overlay of lipid-labeled and MSN corelabeled particles revealed that the lipid layer remained intact upon hMSC MSN-Lip uptake ( Figure S6C) , showing that the lipid layer could thus function as a capping agent. To test whether MSN-Lip could also carry and intracellularly release additional cargo in mesopores without interfering with core labeling, a fluorescent dye (calcein) was encapsulated in the pores of labeled MSN-Lip and exposed to hMSCs. Intracellular calcein release with local diffusion within the cytoplasm was observed within 24 hours of exposure ( Figure 5C ), showing that these nanoparticles could be used to carry additional probes or other biomolecules into MSCs. In summary, the lipid layer remained intact after MSN-Lip uptake and was able to deliver cargo into hMSCs.
effect of MsNs on osteogenic differentiation of hMscs
To assess whether there was an effect of MSNs on hMSC ability to differentiate into the osteogenic lineage, ALP levels were quantified over time. Accordingly, hMSCs were exposed to low (25 µg/mL) and high levels (75 µg/mL) of MSNs and MSN-Lip and cultured in either basic or osteogenic medium. ALP activity was measured after 1, 7, and 14 days of culture. ALP activity was significantly increased for all conditions after 14 days for MSCs grown Figure 6 ). There was, however, a significant increase in ALP activity for MSCs exposed to unfunctionalized MSNs that was concentration dependent: a 1.3-fold increase was observed for MSCs exposed to MSNs at the low concentration (25 µg/mL, P=0.04) and a 1.5-fold increase in ALP activity for MSCs exposed to MSNs at the high concentration (75 µg/mL, P=0.02) compared to control cells. Therefore, MSN-Lip labeling did not affect ALP activity, whereas non-surfacemodified MSNs led to a significant concentration-dependent increase in ALP activity after 14 days ( Figure 6 ).
effect of MsNs on hMsc proteome
To investigate the effect of MSN labeling on MSC biological processes, an MS-based label-free quantitative proteomic approach was used. For this, the proteome of hMSCs exposed for 24 hours to unfunctionalized and functionalized MSNs (MSN-Lip, MSN-Lip-PEG 2,000 , MSN-PEG 2,000 , and MSN-PEG 750 ) was analyzed. PCA was used to assess the similarity of protein profiles across samples and determine abundance variation between samples ( Figure 7) . The PCA plot revealed that although no separation of MSN-labeled cells and control cells was clearly visible in PC1, a clear distinction between MSN, MSN-Lip-and MSN-PEG 750 -labeled cells and control cells was visible on PC2. Indeed, MSN labeling resulted 
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Lipid surface modifications increase MSN labeling properties in MSCs in significant up-and downregulation of several proteins, which were mostly specific for the differently surfacemodified MSNs (Figure 7B and C and Tables S1-S4 ). For example, fibromodulin, involved in fibrin formation and extracellular matrix production (UniProtKB), was upregulated only in MSN-Lip treated cells (2.6-fold). Furthermore, endophilin A1, an endosomal protein involved in clathrinmediated endocytosis, was also upregulated in lipid-modified MSNs (2-1-fold), which may explain the increased uptake for this nanoparticle. These data indicate that MSN-Lip may be taken up by actin-dependent mechanisms. Indeed, functional enrichment analysis (STRING) showed that hMSCs labeled with MSN-Lip were enriched for cytoskeletal, cytosol, and extracellular region proteins (Gene Ontology [GO] cellular component, Table S2 ) compared to unlabeled control cells. Furthermore, two GO molecular functions were enriched Figure 6 MsN-lip labeling of hMscs did not affect alP production after 3, 7, or 14 days. Note: Dose-responsie increase in alP production was observed in hMscs labeled with unfunctionalized MsNs: 1.3-fold increase at 25 µg/ml exposure (P=0.04) and 1.5-fold increase at 75 µg/ml exposure (P=0.02) compared to control cells (*P0.05). Abbreviations: hMsc, human mesenchymal stem cell; lip, lipid; MsNs, mesoporous silica nanoparticles. 
7722
rosenbrand et al in these cells: structural molecular activity and structural constituents of cytoskeleton (Table S5) . Functional enrichments were also identified in cells exposed to MSNs and MSN-PEG 750 (STRING, Tables S6  and S7, respectively) . Surprisingly, hMSCs labeled with non-surface-modified MSNs resulted in the downregulation of several ribosomal constituents, as well as rRNAand RNA-binding proteins that were intricately connected (GO molecular function, Tables S5 and S6 and Figure S7 ). The ribosome pathway (Kyoto Encyclopedia of Genes and Genomes) and the involvement of several metabolic, transport, and biosynthetic processes were identified (GO biological process). On the other hand, MSCs labeled with MSN-PEG 750 led to the downregulation of mostly extracellular region proteins and exosomes (GO cellular component, Table S6 ), which were associated with several biological processes such as skin and tissue development (GO biological processes).
The proteome of MSN-PEG 2,000 -labeled hMSCs could not be separated from the proteome of control cells in PC1 or PC2, but did separate from the proteome of MSN-, MSNLip-and MSN-PEG 750 -labeled hMSCs. In total, 15 proteins were upregulated and eleven proteins downregulated in MSN-PEG 2,000 -labeled cells and no functional enrichments could be identified. This was also observed for MSN-Lip-PEG 2,000 -labeled hMSCs (Figure 7 ), indicating that nanoparticle-surface PEGylation prevented functional enrichment of certain types of proteins or pathways.
Several identical proteins were identified across MSNlabeled hMSC proteomes (Table S7 ). For example, in all MSN-treated cells, nuclear receptor corepressor 2, a transcriptional corepressor, was significantly upregulated. Isoform 2 of FHL2, an inhibitor of transcriptional activity of FOXO1 and its apoptotic function (UniProtKB), was significantly upregulated in MSN-, MSN-Lip-, and MSN-Lip-PEG 2,000 -exposed cells (2.6-, 3.7-, and 2.1-fold, respectively). Involved in microtubule activation and a positive regulator of proliferation and protein transport, KIF20B was upregulated in all samples, except MSN-Lip-PEG 2,000 (1.8-fold to double). There were several proteins that were significantly upregulated in cells labeled with lipid or PEG 2,000 surfacemodified MSNs, which were significantly downregulated in MSN-PEG 750 -treated cells. These included inactive PTK7, which is involved in the Wnt-signaling pathway and plays a role in multiple cellular processes, including polarity and adhesion, and JAKMIP1, a transporter protein. Also, in the PCA plot, MSN-PEG 750 -labeled hMSCs were clearly separated from MSN-Lip-labeled hMSCs in PC1 and MSN-PEG 2,000 in PC2. These data indicated that in addition to being internalized to a much lower extent, MSN-PEG 750 were also differently processed compared to MSN-Lip and MSN-PEG 2,000 .
In summary, MSN labeling resulted in the up-and downregulation of proteins that were mostly specific for the differently surface-modified MSNs. In addition, functional enrichments were found in hMSCs labeled with MSNs, MSN-PEG 750 , and MSN-Lip, but not in hMSCs labeled with MSN-PEG 2,000 . This shows that surface modifications played a role in the biological processing of these nanoparticles and may be an important parameter in nanoparticle design.
Discussion
Surface coating and modification of nanoparticles is a popular strategy to improve nanoparticle stability, biocompatibility, or assign a desired bioactivity, such as improved cell internalization. The labeling efficiency of non-surface-functionalized MSNs in hMSCs has previously been demonstrated. 11, 24 Mesoporous silica coating has even been used to improve cell internalization and consequently the signal strength of magnetic nanoparticles in magnetic resonance imaging 25 and gold nanorods in photoacoustic imaging. 26 Here, we showed that lipid-bilayer surface modifications of MSNs led to increased signal strength compared to non-surface-modified MSNs, with up to 17-fold difference in particle uptake after 2 hours. This is an important observation, as gradual loss of signal due to cell division has been described as one of the biggest drawbacks of superparamagnetic iron oxide nanoparticles for magnetic resonance imaging. 27 Also in our experiments, we observed that cell proliferation resulted in signal loss, as the internalized nanoparticles were passed on to their daughter cells after each division. Since no loss of nanoparticles without passaging of cells was observed, signal strength was directly related to extent of nanoparticle internalization.
Apart from higher uptake, lipid-surface modifications also led to higher labeling efficiency (maximum labeling within 2 hours) compared to non-surface-modified MSNs. In recent studies, it was shown that both the clathrin-mediated endocytic pathway and actin-dependent endocytosis are pivotal uptake mechanisms in MSN internalization by hMSCs. 11, 28 The upregulation of endosomal protein endophilin A1 in MSN-Lip-labeled cells may explain the increased uptake rate of MSN-Lip compared to non-surface-modified MSNs. Therefore, our results indicate that organic surface modifications with lipids are an effective strategy to significantly improve the signal strength and labeling efficiency of MSN-based cellular probes.
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In our nanoparticle-based imaging platform, the fluorescent probes were confined to the core of the MSNs, leaving the possibility of delivering cellular probes or biomolecules via the porous silica shell. This can be used for the delivery of fluorescent probes for imaging of intracellular targets or signaling peptides and small-molecule drugs to modulate stem-cell fate. 29 The lipid-bilayer surface modifications on the MSNs can be used as efficient gatekeepers to prevent cargo diffusion out of the particles. Indeed, the adhesion energy between the lipids and MSN surface suppresses fluctuations in the membrane bilayer, resulting in slow release of cargo. 17, 30 Here, we showed that fluorescently labeled MSN-Lip could escape endosomes and deliver an additional dye into the cytosol of hMSCs. Endosomal escape was also reported for unfunctionalized MSNs. 31 The gatekeeping capabilities of the supported lipid bilayers thus open up the possibility of tracking stem cells while at the same time delivering biomolecules or an additional dye in a controllable fashion. Therefore, MSNLip represent a multifunctional platform that can combine drug or probe delivery together with live-cell imaging.
For stem-cell tracking, the biological effects of internalized nanoparticles are a very important consideration for their development, especially with regard to possible effects on the regenerative capabilities of labeled cells. Several studies have shown that nanoprobes can have a negative effect on the differentiation capabilities of stem cells. For example, it was reported that although polymer-coated superparamagnetic iron oxide nanoparticles did not affect cell viability, proliferation, adipogenic, or osteogenic differentiation, the nanoparticles did significantly reduce chrondrogenesis in hMSCs. 32 Another study showed that quantum dots suppressed the expression of osteocyte-specific marker genes and ALP activity, but not cell growth or the morphology and mineralization of hMSCs. 33 Here, we showed that MSN-Lip did not affect cell growth or ALP production when hMSCs were grown in osteogenic medium, even at higher nanoparticle concentrations. Concentration-dependent increased ALP production was observed at the protein level for non-surfacefunctionalized MSN-labeled hMSCs in osteogenic medium. Huang et al similarly showed that FITC-conjugated MSNs induced a significant increase of ALP mRNA levels after 1 hour's osteogenic induction; however, they did not observe an effect on the long-term osteogenic capabilities of MSNlabeled hMSCs vs unlabeled hMSCs. 34 This is in line with our observations and several other studies that also showed that MSNs did not have significant deleterious effects on the morphology, cell proliferation, cell viability, or differentiation efficiency of stem cells. [10] [11] [12] [13] A proteomic approach to characterize possible shifts in stem-cell activities upon MSN labeling has until now not been done. Here, we showed that several proteins were significantly up-and downregulated in labeled cells vs unlabeled cells. Most of the identified proteins were specific for each surface modification, supporting the notion that nanoparticle-surface chemistry plays an important role in their biological processing. In particular, in MSN-Lip-labeled hMSCs, cytoskeletal and extracellular region proteins were enriched and structural molecular activity and structural constituents of cytoskeleton molecular functions identified. The alteration of structural proteins may have been due to increased uptake of MSN-Lip compared to the other MSNs. In an earlier study, a link between actin organization and MSC internalization of MSNs was suggested. 28 This did not lead to a significant difference in osteogenesis compared to control cells, which is also in line with our ALP findings. Surprisingly, hMSC labeling with non-surface-modified MSNs led to significant downregulation of several ribosomal units that were closely connected ( Figure S7 ). This was not observed for any of the other MSN-labeled hMSCs or reported previously.
A few upregulated proteins were identical across samples. The most notable was HL2, which was significantly upregulated across MSN-, MSN-Lip-, and MSN-Lip-PEG 2,000 -labeled hMSCs and is known to inhibit the transcriptional activity of FOXO1 and its apoptotic function by enhancing the interaction of FOXO1 with SIRT1 and FOXO1 deacetylation. 35 Moreover, KIF20B, involved in microtubule activation and a positive regulator in proliferation and protein transport, and PTK7, involved in the Wnt-signaling pathway, which plays an important role in the regulation of MSC proliferation and differentiation, 36 were both significantly upregulated in MSN-Lip-and MSN-PEG 2,000 -labeled hMSCs.
Therefore, surface modifications are important in determining the biological processing of MSN-based particles and can lead to significant alterations in protein expression, and in some cases enrichment of certain proteins or molecular pathways. Whether the upregulation of these proteins also leads to altered stem-cell behavior needs to be further investigated. In terms of proliferation or differentiation capabilities, we and others did not observe altered stem-cell behavior for MSN-labeled stem cells. PEG 2,000 modifications did not result in any functional enrichment of protein sets, and may be a good strategy to avoid alterations to cellular pathways without greatly affecting signal strength. PEGylation of the lipid bilayer did lead to lower labeling efficiency and reduced internalization in one donor. PEGylation with short PEG chains (MW 750), however, did not improve MSN-labeling capabilities. The different observed behavior was likely due to the negative surface charge of PEG 750 -coated MSNs. High positive charge has been correlated with fast cellular uptake that is in part independent of normal clathrin-and actin-dependent mechanisms. 28 Also, the cellular processing of MSN-PEG 750 differed significantly compared to unlabeled particles and also the other MSN-labeled hMSCs. In particular, extracellular protein components were enriched. PEGylation is a widely used surface coating to prevent protein adhesion and activation of the immune system, to enhance stability both in vitro and in vivo, but also to reduce cell internalization. 37, 38 Here, we show that PEGylation length is crucial in the biological processing of MSNs, where shorter PEG chains lead to lower metabolic activity of cells, reduced cell internalization, and enrichment of extracellular components.
Conclusion
Accurate and noninvasive stem-cell tracking to determine stem-cell destinations and fate is vital in order to optimize stem-cell-based therapies. MSNs have emerged as promising cell labeling tools, as they are biocompatible, resistant to cellular degradation, and, MSN labeling does not require genetic manipulation. Here, we show that MSN functionalization with a lipid shell and PEGylation can be used as a promising strategy to enhance MSNs' labeling capabilities. In particular, we show that lipid modifications can optimize such probes in three distinct ways: significantly improved signal strength, a barrier for sustained release of additional probes, and improved stem-cell-labeling efficiency. Further PEG 2,000 modifications of the lipid bilayer may be a good strategy to avoid alterations to cellular pathways or enrichment of certain proteins. These properties, combined with their inherent biostability, biocompatibility, and low immunogenicity, 17, 21 indicate that lipid-modified MSNs are promising multifunctional nanoplatforms for use in medical applications, including for stem-cell-tracking purposes.
